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We  prepared  thermoelectric  generator  devices  from  100  alternating  layers  of  Si02/Si02  +  Ge  superlattice 
thin  films  using  Magnetron  DC/RF  Sputtering.  Rutherford  Backscattering  Spectrometry  (RBS)  and  RUMP 
simulation  software  package  were  used  to  determine  the  proportions  of  Si  and  Ge  in  the  grown  multi¬ 
layer  films  and  the  thickness  of  the  grown  multi-layer  films.  5  MeV  Si  ion  bombardments  were  performed 
using  the  AAMU-Pelletron  ion  beam  accelerator,  to  form  quantum  clusters  in  the  multi-layer  superlattice 
thin  films,  in  order  to  tailor  the  thermoelectrical  and  optical  properties.  We  characterized  the  fabricated 
thermoelectric  devices  using  cross-plane  Seebeck  coefficient,  van  der  Pauw  resistivity,  mobility,  density 
(carrier  concentration),  Hall  Effect  coefficient,  Raman,  Fluorescence,  Photoluminescence,  Atomic  Force 
Microscopy  (AFM)  and  Impedance  analyzing  measurements.  Some  suitable  high  energy  ion  fluences 
and  thermal  annealings  caused  some  remarkable  thermoelectrical  and  optical  changes  in  the  fabricated 
multilayer  thin  film  systems. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

The  requirement  of  clean  energy  and  the  related  technological 
developments  lead  to  extensive  research  into  renewable  energy 
resources.  One  of  the  promising  clean  energy  sources  is  the 
thermoelectric  power  generators.  Since  these  devices  do  not  have 
moving  parts,  the  operation  and  maintenance  of  thermoelectric 
power  generator  is  easy  and  less  costly  [1],  Although  thermoelec¬ 
trics  (TE)  as  a  physical  phenomenon  has  been  known  for  190  years, 
there  are  still  no  well-established,  widespread  TE  applications  for 
power  generation  in  households  or  industry.  Intensive  research 
among  the  materials  aimed  for  improving  the  thermoelectric  per¬ 
formance  and  providing  benefits  for  both  cost  and  environment 
benefits  has  recently  been  stimulated  by  advances  in  nano-struc¬ 
turing  of  semi-conducting  materials  [2],  Due  to  the  advantages  of 
thermoelectric  oxides  including  their  high-temperature  thermal 
stability  under  conditions  that  oxidize  semiconductor  alloys,  suffi¬ 
cient  source  supply,  and  environment  friendly  compositions,  oxide 

*  Corresponding  author.  Tel.:  +1  256  372  5894;  fax:  +1  256  372  5855. 

E-mail  address:  satilmis.budak@aamu.edu  (S.  Budak). 

http://dx.doi.Org/10.1016/j.sse.2014.08.005 
0038-1101/©  2014  Elsevier  Ltd.  All  rights  reserved. 


thermoelectric  materials  have  been  recognized  as  promising  candi¬ 
dates  for  applications  in  high-temperature  thermoelectric  power 
generation  [3],  Oxide  materials  are  potential  candidates  for  a  wide 
range  of  high  temperature  applications  due  to  their  high  chemical 
stability  and  the  absence  of  harmful  elements  in  their  composi¬ 
tions.  On  the  other  hand,  improving  thermoelectric  performance 
of  n-type  oxides  has  been  under  intensive  investigation  because 
of  their  inferior  properties  compared  to  p-type  materials  [4],  Ther¬ 
moelectric  generators  present  potential  applications  in  the  conver¬ 
sion  of  low  level  thermal  energy  into  electrical  power.  Especially  in 
the  case  of  waste  heat  recovery,  it  is  unnecessary  to  consider  the 
cost  of  the  thermal  energy  input,  and  there  are  additional  advanta¬ 
ges,  such  as  energy  saving  and  emission  reduction.  Thus,  the  low 
efficiency  problem  is  no  longer  the  most  important  issue  that  peo¬ 
ple  have  to  take  into  account  [5],  Advances  in  nanotechnology 
make  the  production  of  mechanical  structures  and  thermodynamic 
systems  in  nano-scale  possible.  For  example,  by  introducing  quan¬ 
tum  tunneling,  nanowires,  etc.,  nano-scaled  thermionic  devices 
could  overcome  the  defects  of  conventional  devices  only  working 
only  at  high  temperatures  and  obtain  higher  efficiency  and  coeffi¬ 
cient  of  performance  than  conventional  devices  [6],  Significant 
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Fig.  1.  Cross-plane  geometry  of  the  prepared  multilayer  thin  films. 


progress  has  been  performed  in  recent  years  and  it  indicates  that 
low-dimensional  materials  have  higher  thermoelectric  conversion 
efficiency.  Thermoelectric  thin  film  is  one  of  the  important  low¬ 
dimensional  thermoelectric  materials  due  to  its  stronger  quantum 
confinement  compared  with  that  of  their  bulk  materials,  a  poten¬ 
tially  more  favorable  carrier  scattering  mechanism,  and  a  much 
lower  lattice  thermal  conductivity  [7],  TE  includes  the  Seebeck, 
Peltier,  and  Thomson  effects.  TE  is  also  associated  with  other 
effects,  such  as  Joulean  and  Fourier  effects.  TE  generation  has  pri¬ 
marily  been  directed  toward  increasing  the  material  figure  of  merit 
(ZT),  which  is  the  standard  measure  of  the  TE  performance  of  a 
material  [8],  The  figure  of  merit  is  defined  by  ZT  =  S2gT//C  where 
S  is  the  Seebeck  coefficient,  a  is  the  electrical  conductivity,  T  is 
the  absolute  temperature,  and  K  is  the  thermal  conductivity.  ZT 
can  be  increased  by  increasing  S,  by  increasing  tr,  or  by  decreasing 
K.  In  order  to  compete  with  conventional  refrigerators,  a  ZT  of  3  is 
required.  Due  to  their  limited  energy  conversion  efficiencies  (i.e.  ZT 
is  ),  thermoelectric  devices  currently  have  a  rather  narrow  set  of 
applications.  However,  there  is  a  reinvigorated  interest  in  the  field 
of  thermoelectrics  due  to  classical  and  quantum  mechanical  size 


Fig.  2.  The  geometry  for  the  Seebeck  coefficient  measurement. 
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Fig.  3.  The  in-plane  electrical  conductivity  (Van  der  Pauw)  and  Hall  Effect  measurement  system. 
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affects  providing  additional  ways  to  enhance  energy  conversion 
efficiencies  in  nano-structured  materials  [9],  Much  effort  has  been 
carried  out  to  improve  the  performance  of  thermoelectric  films  by 
increasing  the  electrical  conductivity  and  the  Seebeck  coefficient. 
However,  they  are  difficult  to  improve  because  the  elements  in 
ZT  are  not  independent  [10],  Many  relevant  interdisciplinary  areas 


of  physics,  chemistry,  and  material  sciences  are  developing  rapidly 
including  ion  induced  modifications  of  solids,  thin  films,  surfaces 
and  interfaces  to  improve  the  properties  of  solids  up  to  a  shallow 
depth  [11],  We  have  been  working  on  different  thermoelectric 
systems  [12-17],  Some  of  them  were  on  Si02/Si02  +  Ge  thin  film 
systems  [9,18],  We  have  obtained  remarkable  results  on  those 
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Fig.  8.  Fluence  dependence  of  density  (carrier  concentration)  measurements  at  the  different  temperatures. 


Fig.  9.  Fluence  dependence  of  Hall  Effect  coefficient  measurements  at  the  different 
temperatures. 


studies  from  thermoelectrical  and  optical  respects.  In  this  study  we 
report  on  the  growth  of  Si02/Si02  +  Ge  multilayer  superlattice  thin 
film  systems  prepared  by  magnetron  DC/RF  sputtering;  high 
energy  Si  ion  bombardment  of  the  thin  films  for  increasing  the 
cross  plane  electrical  conductivity  and  the  cross  plane  Seebeck 


coefficients  due  to  the  nano-clusters  effect  during  the  MeV  Si  ion 
bombardment;  van  der  Pauw  resistivity,  mobility,  density  (carrier 
concentration),  Hall  Effect  coefficient,  Raman,  Fluorescence,  Photo¬ 
luminescence,  Atomic  Force  Microscopy  (AFM)  and  Impedance 
analysis  measurements. 


2.  Experimental 

We  have  deposited  the  thin  films  with  100  alternating  layers  of 
Si02/Si02  +  Ge  nano-layers  on  silicon  (Si)  and  fused  silica  (suprasil) 
substrates  by  magnetron  DC/RF  sputtering  as  the  deposition  geom¬ 
etry  was  shown  in  Fig.  1 .  The  multilayer  thin  films  were  sequen¬ 
tially  deposited  to  have  a  periodic  structure  consisting  of 
alternating  Si02  and  Si02  +  Ge  layers.  These  thin  films  form  a  peri¬ 
odic  quantum  well  structure  consisting  of  1 00  alternating  layers  of 
total  thickness  of  134  nm.  The  DC  gun  was  used  to  sputter  Ge 
material  while  RF  gun  was  used  to  sputter  Si02.  Ar  gas  was  used 
to  form  plasma  in  the  DC/RF  sputtering  chamber  during  the  depo¬ 
sition.  The  chamber  was  pumped  down  to  about  1  x  1CT5  Torr.  The 
deposition  was  performed  when  the  pressure  was  about  3  x  10  3 
Torr.  The  substrates  were  mounted  on  the  substrate  holder  and 
rotated  during  the  whole  deposition  process.  The  growth  rate 
was  monitored  by  an  INF1CON  Quartz  Crystal  Microbalance 
(QCM).  In  order  to  form  nano-structures  (nano  dots  and/or  nano 


Fig.  10.  Temperature  annealing  dependence  of  Raman  spectra  at  the  different  temperatures. 
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clusters)  in  the  multilayers,  5  MeV  Si  ion  bombardments  were  per-  energy  of  the  bombarding  Si  ions  was  chosen  using  the  Stopping 
formed  with  the  Pelletron  ion  beam  accelerator  at  the  Alabama  Range  Ions  in  Matter  (SRIM)  simulation  software.  SR1M  shows  that 
A&M  University  Materials  Research  Laboratory  (AAMU-MRL).  The  5  MeV  Si  ions  pass  through  the  multilayer  thin  films  and  terminate 
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Fig.  12.  (a)  Fluorescence  spectrum  and  (b)  Photoluminescence  spectrum  at  400  °C. 


deep  in  the  substrate.  The  fluences  used  for  the  bombardment 
were  selected  between  1  x  1012  ions/cm2  and  1  x  1012  ions/cm2. 
Rutherford  Backscattering  Spectrometry  (RBS)  was  performed 
using  2.1  MeV  He+  ions  with  particle  detector  placed  at  170°  from 
the  incident  beam,  in  order  to  determine  elemental  abundances 
[19-21],  Cross  plane  Seebeck  coefficients,  in-plane  electrical  con¬ 
ductivity,  density  (carrier  concentration),  mobility  and  Hall  Effect 
coefficients  measurements  as  a  function  of  temperature  under 
the  different  applied  fluences  were  measured  by  MMR  van  der 
Pauw  and  Hall  Effect  measurement  system.  In  addition  to  the  ther¬ 
moelectrical  properties,  Raman,  Fluorescence,  Photoluminescence, 
AFM  and  Impedance  measurements  were  also  performed  for  this 
study.  Thermoelectric  measurement  techniques  were  selected  to 
show  how  this  material  system  will  be  useful  in  future  researches 
as  thermoelectric  generators  to  convert  to  waste  heat  to  electrical 
energy  or  as  thermoelectric  cooling  devices  for  cooling  of  many 
microelectronic  devices  using  Seebeck,  van  der  Pauw,  Hall  Effect, 
mobility,  and  density  (carrier  concentration)  measurements.  Opti¬ 
cal  measurement  techniques  were  used  to  detect  nano-clustering 
in  the  multilayer  films  like  Raman  spectroscopy;  to  show  the  trans¬ 
parency  due  to  nano-clustering  contribution  on  the  fused  silica 
samples  like  Fluorescence  and  Photoluminescence  spectroscopies. 
AFM  was  used  to  see  the  effects  of  the  thermal  annealing  on  the 
surface  of  multilayer  thin  films.  The  LF4192A  (Hewlett-Packard) 
Impedance  Analyzer  was  used  in  understanding  the  ac  “small- 
signal”  electrical  behavior  of  the  entire  thermoelectric  device.  This 
is  a  two-terminal  measurement  that  yields  underlying  operative 
mechanism  via  an  equivalent  circuit  model. 

3.  Results  and  discussion 

The  geometry  for  the  Seebeck  coefficient  measurement  was 
given  in  Fig.  2  and  the  in-plane  electrical  conductivity  (Van  der 
Pauw)  and  Hall  Effect  measurement  system  is  given  in  Fig.  3. 

The  van  der  Pauw  and  Hall  Effect  system  is  the  same  system. 
When  the  thin  film  sample  was  located  on  the  van  der  Pauw  mea¬ 
surement  stage,  van  der  Pauw  resistivity  measurement,  Hall  Effect 
measurement  under  the  applied  magnetic  field,  density  (carrier 
concentration),  and  mobility  measurements  have  been  performed 


Fig.  4  shows  the  fluence  dependence  of  the  cross-  plane  Seebeck 
coefficients  (a)  at  different  temperatures,  (b)  at  room  temperature. 
The  original  Seebeck  coefficients  are  negative  and  we  have  nega¬ 
tive  thermo-power  since  electrons  are  the  main  charge  carriers. 
As  seen  from  Fig.  4,  the  results  could  be  interpreted  from  two  per¬ 
spectives:  (a)  Fig.  4(a)  shows  the  fluence  dependence  of  Seebeck 
variation  under  the  different  temperatures,  and  (b)  Fig.  4(b)  shows 
the  Seebeck  coefficients  determined  at  the  room  temperature  at 
the  different  fluences.  The  virgin  sample  (unbombarded)  has  the 
Seebeck  coefficient  of  -175.33  pV/K  at  room  temperature  and  this 
value  increased  to  -344.02  pV/K  at  380  K.  Seebeck  coefficients 
showed  increment  and  decrement  at  the  applied  fluences.  Since 
higher  Seebeck  coefficient  is  needed  for  the  high  efficient  thermo¬ 
electric  devices,  suitable  fluences  and  temperatures  should  be 
selected  and  used. 

Fig.  5  shows  the  fluence  dependence  of  the  van  der  Pauw  resis¬ 
tivity  measurements  (a)  at  the  different  temperatures  between 
300  K  and  550  K,  and  (b)  at  room  temperature.  As  seen  from 
Fig.  5,  the  in-plane  electrical  resistivity  values  show  both  incre¬ 
ment  and  decrement  at  the  applied  different  fluences  under  the 
temperature  change.  Fig.  5(b)  shows  exactly  what  is  needed  for 
building  high  efficiency  thermoelectric  devices  since  the  electrical 
resistivity  values  started  to  decrease  at  the  different  applied  flu¬ 
ences  at  room  temperature  until  the  last  fluence  was  reached. 
The  decrease  in  the  resistivity  for  the  semiconductor  thin  films 
depending  on  the  increased  temperature  is  one  of  the  expected 
things  in  the  semiconductor  and  thermoelectric  material  systems. 

Fig.  6  shows  the  annealing  temperature  dependence  of  the  van 
der  Pauw  resistivity  measurements.  Fig.  6  tells  us  that  thermal 
annealing  of  the  thin  film  systems  did  not  bring  benefits  since 
the  electrical  resistivity  values  increased  with  respect  to  the  start¬ 
ing  value  at  the  room  temperature,  even  though  the  resistivity  val¬ 
ues  are  expected  to  be  smaller.  For  the  future  effective  studies,  we 
will  focus  on  more  detailed  temperature  optimization  studies 
using  more  detailed  temperature  interval  during  the  annealing 
procedure  for  the  characterization  of  the  fabricated  thin  film  sys¬ 
tems  sensitively  to  see  accurate  effects  on  the  resistivity. 

Fig.  7  shows  the  fluence  dependence  of  mobility  measurements 
at  the  different  temperatures  between  300  K  and  550  K.  The  mobil¬ 
ity  values  started  to  shift  from  negative  values  to  positive  values 
under  the  different  high  energy  fluences  and  temperatures.  This 
suggests  that  the  thin  film  system  shows  a  transition  from  quasi- 
n  type  structure  to  the  quasi  p-type  semiconductor  structure.  This 
could  be  explained  as  the  effect  of  the  positive  ion  increase  due  to 
the  ion  bombardment  of  Si  ions.  As  seen  from  Fig.  7,  the  shift  of  the 
density  from  the  negative  values  could  arise  from  the  positive  ion 
concentration  increase  due  to  high  energy  Si  ion  bombardments  at 
the  higher  fluences. 

Fig.  8  shows  the  fluence  dependence  of  density  (carrier  concen¬ 
tration)  measurements  at  the  different  temperatures.  Similar 
effects  have  been  seen  in  the  mobility  values.  The  density  values 
started  to  shift  from  negative  direction  to  positive  direction  as  if 
the  sample  systems  started  to  transit  from  quasi-n  type  semicon¬ 
ductor  structure  to  the  quasi-p  type  semiconductor  structure  due 
to  the  increase  in  the  positive  numbers  of  charge  carriers. 

Fig.  9  shows  the  fluence  dependence  of  Hall  Effect  coefficient 
measurements  at  the  different  temperatures  between  300  K  and 
550  K.  While  the  thin  films  systems  were  bombarded  with  the 
increasing  fluence,  the  Hall  Effect  coefficients  started  to  shift  in 
the  negative  y-axis  and,  then  they  changed  their  directions  back 
to  the  positive  y-axis  as  if  the  ion  bombardment  changed  their  Hall 
Effect  coefficients  from  n-type  structure  to  the  p-type  structure 
and  coming  back  to  n-type  structure  with  increasing  energy 


using  the  same  stage  and  the  same  sample.  The  measurement  soft-  fluences. 

ware  gives  results  of  van  der  Pauw  resistivity,  Hall  Effect  coeffi-  Fig.  10  shows  the  annealing  temperature  dependence  of  Raman 

cient,  mobility,  density  on  the  same  screen.  spectra.  The  Raman  spectra  may  be  seen  in  more  details  in  Fig.  1 1 
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at  various  temperatures  for  (a)  Germanium,  (b)  Silicon,  (c)  Si  =  02 
bonds.  Since  the  amount  of  the  Ge  in  the  thin  films  depends  on 
the  annealing  temperature,  the  intensity  of  the  peaks  for  the  ele¬ 
ments  in  the  thin  film  systems  decreases  while  the  annealing  tem¬ 
perature  is  increasing.  In  other  words,  the  suitable  annealing 
temperature  causes  melting  and  diffusing  of  Ge  atoms  through 
the  multilayer  thin  films.  If  the  annealing  temperatures  increase 
too  much,  the  amount  of  Ge  atoms  leave  the  thin  film  systems 
due  to  evaporation. 


Fig.  12  shows  (a)  Fluorescence  spectrum  and  (b)  Photolumi¬ 
nescence  spectrum  at  400  °C.  Both  spectra  gave  peaks  at 
500  nm  showing  the  transparency  due  to  Ge  nano-clustering  con¬ 
tribution  on  the  fused  silica  samples.  In  other  words,  suitable 
annealing  temperature  causes  Ge  nano-clustering  formation 
through  the  multilayer  thin  films,  thus  the  optical  properties 
may  improve  through  nano-clustering  centers  in  the  multilayers. 
More  detailed  studies  are  planned  on  the  optical  properties  of 
these  structures. 


Fig.  13.  AFM  images  of  (a)  unannealed,  (b)  annealed  at  300  °C,  and  (c)  annealed  at  800  °C. 
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Fig.  14.  The 


(C*  -  C  -  j  C  -  q,  -  j  Gj/co)  plot  of  the  unboni¬ 
ng  of  repeated  Si  +  Ge/Si02  monolayer  layer  on  to 


optical  properties  showed  some  meaningful  results  depending  on 
the  modification  of  the  thin  film  systems  by  high  energy  Si  ion 
bombardments  to  cause  formation  of  nano-dots  and/or  clusters 
in  the  multilayer  structures.  We  are  planning  to  continue  to  work 
on  these  systems  under  different  modified  conditions  since  we 
have  reached  also  very  meaningful  data  [9,18]  and  high  figure  of 
merit  in  our  previous  studies  [9], 
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Fig.  13  shows  AFM  images  of  (a)  unannealed,  (b)  annealed  at 
300  °C,  and  (c)  annealed  at  800  °C.  When  the  sample  was  annealed 
at  300  °C,  the  surface  suggests  nanowire  growth  perpendicular  to 
the  film  surface.  One  of  the  type  of  the  nanowire  growth  is  initiated 
with  a  metal  catalyst  and  causing  a  nanowire  growth  under  this 
metal  head  [22],  This  could  be  found  easily  by  searching  in  the 
internet.  Here,  Ge  atoms  behave  like  a  metal  catalyst  to  cause  an 
initiation  of  the  nanowire  growth  on  the  surface  with  the  contribu¬ 
tion  of  Si,  02  and  Ge  elements.  After  the  sample  was  annealed  at 
800  °C,  the  surface  nanowires  could  come  together  and  show 
“dome-type”  structures.  If  suitable  temperature  could  be  selected, 
the  nano-clustering  could  take  place  in  the  multilayer  structures 
and  that  could  increase  the  Seebeck  coefficient  and  the  electrical 
conductivity,  thus  increasing  the  efficiency  of  the  thermoelectric 
devices. 

Fig.  14  shows  the  complex  capacitance  (C*  =  C  -  j  C  =  Cp-j  GPI 
co)  plot  of  the  unbombarded  100-layered  stack  comprising 
repeated  Si  +  Ge/Si02  monolayer  layer  on  to  Si02  layer,  for  the  fre¬ 
quency  range  20  Hz-13  MHz.  The  ac  small-signal  electrical  data 
were  acquired  using  HP4192A  Impedance  Analyzer  for  the  unbom¬ 
barded  100-layered  stack  comprising  repeated  Si  +  Ge/Si02  mono- 
layer  layer  on  to  Si02  layer  for  the  frequency  range  20  Hz-13  MHz. 
These  data  are  analyzed  via  complex  plane  formalisms.  Skewed 
semicircular  response  (via  equal  grid  scaling)  is  observed  in  the 
complex  capacitance  (C*  =  C  -  j  C'  =  CP  -  j  GPlco )  plane.  The  loci 
obtained  in  the  C*-plane  for  these  data  indicate  non-Debye  type 
relaxation  displaying  the  presence  of  the  depression  parameter. 
The  skewed  semicircular  behavior  also  shows  the  contribution  of 
the  shunt  dc  resistance  (conductance)  at  the  low  frequency  end. 
The  semicircular  relaxation  yields  R-C  (resistance-capacitance) 
series  equivalent  circuit  with  a  shunt  resistance.  However,  in  the 
low  frequency  domain  the  entire  stack  shows  as  a  non-leaky 
capacitor.  At  increasing  frequencies  the  same  capacitor  turned  to 
R-C  circuit  having  a  shunt  with  it.  Also  the  intercept  on  the  left 
side  of  the  semicircle  provides  capacitance  in  parallel  with  the 
entire  equivalent  circuit  combination  [23-25], 


4.  Conclusion 


We  have  grown  100  periodic  nano-layers  of  Si02/Si02  +  Ge 
superlattice  thin  films  on  the  silicon  and  fused  silica  substrates 
(suprasil)  at  the  total  thickness  of  134  nm  using  magnetron  DC/ 
RF  sputtering.  The  multilayer  thin  films  were  sequentially  depos¬ 
ited  to  have  a  periodic  structure  consisting  of  alternating  Si02 
and  Si02  +  Ge  layers.  The  deposited  multilayer  films  have  alternat¬ 
ing  layers  of  about  1 .3  nm  thick  each.  Some  thermoelectrical  and 
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